Street rabies virus (SRV)-infected T-lymphocyte-deficient (nude) mice, in contrast to euthymic mice, did not develop hindlimb paralysis prior to death. To document the role of T lymphocytes in rabies virus-associated paralysis, 108 spleen cells from normal immunocompetent euthymic mice were transferred to nude mice and the recipient mice were challenged with SRV. One Immunocompetent animals infected with rabies viruses exhibit a variety of pathological changes in the central nervous system (CNS), including neurophagia, necrosis, perivascular cuffing with mononuclear cells, focal and regional gliosis, and microglial reactions (5, 9, 14, 28, 48) . Perivascular cuffs contain lymphocytes, plasma cells, macrophages, and occasionally erythrocytes (14, 28). In cases of severe encephalitis, some of the perivascular cuffs are widened by loosely arranged macrophages and glial cells extending into the parenchyma. Extensive regional accumulations of macrophages in the cerebellar molecular layer and in the cerebral cortex also have been observed (5). The intensity of the inflammatory lesions in rabies virus encephalitis tends to be influenced by the host species infected, the virus strain, and the course of the infection (28).
Immunocompetent animals infected with rabies viruses exhibit a variety of pathological changes in the central nervous system (CNS), including neurophagia, necrosis, perivascular cuffing with mononuclear cells, focal and regional gliosis, and microglial reactions (5, 9, 14, 28, 48) . Perivascular cuffs contain lymphocytes, plasma cells, macrophages, and occasionally erythrocytes (14, 28) . In cases of severe encephalitis, some of the perivascular cuffs are widened by loosely arranged macrophages and glial cells extending into the parenchyma. Extensive regional accumulations of macrophages in the cerebellar molecular layer and in the cerebral cortex also have been observed (5) . The intensity of the inflammatory lesions in rabies virus encephalitis tends to be influenced by the host species infected, the virus strain, and the course of the infection (28).
Hindlimb paralysis is a major neurological sign of rabies or rabies-related virus infections in immunocompetent mice and hamsters (3, 14, 22, 43) . In contrast, paralysis seldom occurs during similar infections of T-cell-deficient nude mice (11, 14, 22, 37) or immunosuppressed immunocompetent mice or hamsters (14, 37, 38, 43) . There is, however, one single report showing that athymic nude mice inoculated with the highly virulent challenge virus standard fixed rabies virus develop paralysis of the inoculated limb 6 days after infection (12) . Nonetheless, the presence of inflammatory cells in the CNSs of rabies virus-infected immunocompetent animals suggests that the occurrence of hindlimb paralysis is dependent on the host immune response to the virus. More specifically, the lack of paralysis in nude mice infected with street rabies viruses (SRV) suggests that T cells play a major role in the induction of paralysis.
To determine the importance of T cells in paralysis, spleen cells were passively transferred from immunocompetent donors to nude mice which were then inoculated with an SRV. The HSD (Harlan Sprague Dawley) nulnu and HSD nul+ mice were obtained from Harlan Sprague Dawley, Inc., Indianapolis, Ind., and have been maintained as a closed colony at the Rocky Mountain Laboratories since 1979. Nude mice were maintained in a laminar flow barrier system from reproduction through experimentation. All mice were infected at 8 to 12 weeks of age with a wild-type SRV isolated from an adult bat (Eptesicus fuscus) (17) . The 10% brain suspension titer was 106-5 mouse intracranial (i.c.) 50% lethal doses (LD5010.03 ml).
Immunocompetent and athymic nude mice were inoculated i.c., intraperitoneally (i.p.), or in the footpad (FP) with SRV to determine whether the clinical signs of rabies in immunodeficient and immunocompetent mice were influenced by the route of inoculation. Mice were weighed and observed daily for body weight loss and paralysis. The onset of weight loss was defined as the first day on which a steadily negative weight change was greater than the range of daily variation in body weight established for uninfected animals (29) . This weight loss was always .10% and was regarded as the initial clinical sign of the onset of illness. In both groups, the loss of body weight was the initial clinical sign of infection. Paralysis did not occur in the immunodeficient nude mice. In immunocompetent mice, the loss of weight was followed by uneven leg movement and weakness of the hindlegs, which were the initial signs of paralysis. The NOTES Fig. 1 . No CD4+ T lymphocytes were detected in brains of nude mice that received SRV only (Fig. 2a) , but they were consistently found in the brains of reconstituted SRV-infected mice within or adjacent to blood vessels in the parenchyma (Fig. 2b) and in the meninges (Fig. 2c) . CD8+ T lymphocytes were present in similar areas of the brains of reconstituted mice but were also widely distributed throughout the parenchyma, in which they did not appear to be associated with blood vessels (Fig. 3b) .
The data in Fig. 4a illustrate that Mac-1+ cells were not detected in the parenchyma of uninfected nude mice that had been inoculated with normal spleen cells but were present in the parenchyma of nude mice that received only an SRV inoculation (Fig. 4b) . Interestingly, a marked increase in the number of Mac-1+ cells was observed in the parenchyma of the reconstituted SRV-infected nude mice compared with the numbers that were detected in nude mice that received only SRV (Fig. 4c) . Similar cells also were observed in Virchow-Robin spaces in the parenchyma (Fig. 4d) and in the meninges (Fig. 4e) In contrast, neither infectious virus nor SRV antigen was detected on day 10 postinoculation in reconstituted mice (data not shown). Although both assays in reconstituted mice were positive on day 13, the infectious virus titers in the reconstituted mice were 100-fold lower than in mice that received SRV alone. At this time, SRV antigen was detected in neurons throughout the brains of mice that received SRV alone or mice that were reconstituted with cells (data not shown). Thus, even though passively transferred normal cells delayed viral invasion of the CNSs and suppressed viral replication in brains of reconstituted mice, these cells were associated with the induction of paralysis and failed to protect the mice from a lethal infection. Furthermore, virus infection of neurons, though probably necessary, appeared not to be sufficient for the induction of paralysis.
Occasionally, rabies virus infection produces an illness in which paralysis is the outstanding clinical feature in the absence of the classic symptoms of hydrophobia and periods of excited behavior (28). The most striking pathological feature of paralytic rabies is a severe inflammation of the spinal cord and brain stem characterized by dense perivascular infiltration by lymphocytes and proliferation of microglial cells in both diffuse and modular fashion (6) . The most severe inflammation is associated with marked loss of nerve cells and advanced degeneration of the remaining cells. In the brain, the most consistent inflammatory change consists of perivascular lymphocytic infiltration in the medulla oblongata. The lesions in animals with paralytic rabies, however, are not always confined to the brain stem and spinal cord (28). At the present time, there is a paucity of information concerning the reasons for humans or animals developing paralytic, or "dumb," rabies instead of classical "furious" rabies. It has been suggested by Iwasaki et al. (14) and Smith (37) that the host immune response is responsible for the local ascending paralysis that develops in immunocompetent mice. Furthermore, it has been observed that the onset of paralysis in rabies virus-infected immunosuppressed mice occurs in parallel with a return of immune responsiveness (38) . Our data strongly support the suggestions of Iwasaki et al. and Smith since we have shown that T lymphocytes were required for the development of paralysis in mice experimentally infected with SRV.
It also was shown in our studies that all immunodeficient nude mice died following the development of paralysis if they had been reconstituted with normal spleen cells or low numbers of rabies virus-immune spleen cells prior to SRV infection. In contrast, 100% of the nude mice were protected against paralysis and death when they had been reconstituted with high numbers of rabies virus-immune spleen cells. These data suggest that there is a subtle balance between survival and death during rabies virus infections and that the immune system can be either detrimental or beneficial to J. VIROL. rabies virus-infected animals. Enhancement of rabies virus infections by the host's immune response is not that uncommon and has been previously documented (2, 4, 36, 38) . In those studies, it was determined that inadequately immunized monkeys, hamsters, or mice with low levels of antirabies virus antibody die more quickly after a rabies virus challenge than do nonvaccinated control animals which receive an identical lethal challenge of rabies virus. This occurrence was termed the early death phenomenon, and it has been shown that both rabies virus-immune B lymphocytes and rabies virus-specific antibody can induce early death (30, 31) . This dual role of the humoral immune response to rabies virus remains an enigma, and the mechanism causing early death is unresolved. Nonetheless, even though early death was not apparent in our inadequately reconstituted immunodeficient animals, the mice did develop immunopathological lesions in the CNSs and became paralyzed. Our data illustrating that immunopathological lesions and paralysis did not occur in mice that had been reconstituted with T-lymphocyte-free spleen cells or immune serum emphasize that T cells and not rabies virus-specific antibody or B cells are the component of the immune system causing paralysis.
It is of interest that the route of SRV inoculation did not influence the development of paralysis or death in immunodeficient nude mice. Significant differences in these parameters were observed, however, when different routes of SRV inoculation were used with immunocompetent animals. The majority of the immunocompetent animals developed paralysis following FP or i.c. inoculation; however, paralysis occurred in only 20% of those mice that had been inoculated i.p. Furthermore, all i.c. and 71% of the FP-inoculated mice died, whereas none of the i.p. inoculated animals died. The minimal development of paralysis and lack of mortality VOL. 66, 1992 on November 7, 2017 by guest http://jvi.asm.org/ Downloaded from following the i.p. inoculation of SRV have been previously observed in other euthymic strains of mice (17) (18) (19) . It was determined in those studies that the failure to develop paralysis and the resistance of SJL/J and CBA/J mice to SRV infection was associated with the high concentrations of neutralizing antibody in serum that quickly develop following the i.p. inoculation of SRV. Similar antibody responses were detected in the i.p. inoculated euthymic HSD nul+ mice used in this study, whereas low and delayed antibody responses were detected in the nude mice that were reconstituted with spleen cells of unimmunized mice or 106 immune spleen cells (data not shown).
Perivascular cuffing or cell infiltration into the meninges was seldom observed during this study in SRV-infected nude mice that had not been reconstituted with spleen cells. Similar results have been reported by Iwasaki et al., who failed to detect perivascular or subarachnoid cell infiltration in nude mice infected with the challenge virus standard ts 2 strain of fixed rabies virus (14) . A CNS inflammatory response did occur, however, if the nude mice used in our studies had been reconstituted with normal spleen cells prior to SRV infection. Furthermore, paralysis occurred coincident with the development of inflammatory lesions in the brain, in which CD4+ and CD8+ T lymphocytes were consistently present in the meninges and within or adjacent to blood vessels in the parenchyma. CD8+ cells, but not CD4+ cells, were also detected widely distributed throughout the parenchyma in areas apparently devoid of blood vessels. Interestingly, 14-day-old rats infected with a nonfatal dose of measles virus also exhibit a marked infiltration of T lymphocytes of cytotoxic suppressor phenotype in the brain parenchyma, whereas T-helper-cell phenotypes mainly were located perivascularly (27) . The CD8+ T lymphocytes diffusely distributed in the parenchyma may be involved in cytotoxic elimination of SRV-infected cells, thereby killing motor neurons and directly impairing CNS motor functions and inducing hind leg paralysis. It has been shown, however, that cells in the CNS express a minimal number of, if any, class I major histocompatibility complex (MHC) molecules (16, 21, 27, 46) , and it is known that cytotoxic CD8+ T cells kill virus-infected cells when viral antigens are expressed on the cell surface in context with class I MHC molecules (8) . Nonetheless, killing could possibly be occurring since cells in the CNS, such as astrocytes, oligodendrocytes, and endothelial cells, can be induced to express class I MHC molecules during certain viral infections (23, 34, 42) . Furthermore, it is known that gamma interferon (47) and, to a lesser extent, alpha/beta interferon (26, 47) induce and increase expression of class I MHC molecules on neurons, oligodendrocytes, astrocytes, and microglia. In support of the possibility that interferon may be similarly active here, our earlier studies have shown that alpha/beta interferon is e* 9 l present in high concentrations in rabies virus-infected brains (20) . Thus, stimulation of expression of class I MHC mole-* cules may occur during rabies virus infections and permit recognition and cell lysis by cytotoxic CD8+ cells. In contrast to CD4+ and CD8+ cells, Mac-1+ cells were detected in the parenchyma of unreconstituted nude mice that received only SRV. A similar microglial proliferation in the absence of perivascular and subarachnoid cell infiltration in the CNSs of rabies virus-infected nude mice has been previously noted (14) . Interestingly, we observed an increased number of Mac-1+ cells in the parenchyma, and Mac-1+ cells were also detected in inflammatory cuffs and meninges of SRV-infected nude mice that had been reconstituted with normal spleen cells. The increase in the number of Mac-i+ cells was detected prior to the increase in the number of CD8+ T lymphocytes in the parenchyma. This observation suggests that macrophage-derived cytokines (10) leukin-1 and gamma interferon production, and stimulating an infiltration of T lymphocytes into the parenchyma. At this time we are uncertain whether the microglial-monocyte Mac-1+ cells were infected with SRV. We also do not know whether the increase in the number (activation) of these cells following reconstitution with normal spleen cells was their response to the SRV invasion of the CNS, whether the activation was due to a secondary stimulatory effect caused by T-lymphocyte lymphokines, or both. We did notice, however, that ramified microglial cells were positive for rabies virus antigen following fluorescent staining (data not shown). Because it has been shown that rabies virus does not replicate in vitro in macrophages (45), we assume that the positive staining for rabies virus antigen in the microglial cells was due to the phagocytosis of degenerating infected neurons. Furthermore, it is known that degenerating neu- (5) . Our studies also showed that SRV fluorescent antigen was distributed in similar areas of the brains of nonparalyzed and paralyzed nude mice. Similar results have been shown in studies of human encephalitic (furious) and paralytic (dumb) rabies in that neither the distribution of rabies virus antigen nor inflammation paralleled clinical presentation (44) . Thus, the essence of our results and those of Tirawatnpong and associates (44) suggests that the localization of virus in the brain does not account for the two different clinical presentations of rabies virus infection.
Although the present experiments do not delineate the relative role of Mac-1+ cells or the role of CD4+ and CD8+ T lymphocytes in the induction of paralysis, the failure to induce paralysis in SRV-infected nude mice following the passive transfer of rabies virus-immune serum or spleen cells that had been treated with anti-Thy 1.2+ plus complement suggests a T-lymphocyte dependency. Furthermore, preliminary experiments with T-cell subsets suggest that paralysis can be induced solely with CD8+ lymphocytes but not with CD4+ lymphocytes (20a) . The cytotoxic T-cell subset also has been shown to be the most important T cell involved in the immunopathology of lymphocytic choriomeningitis virus infections of mice (1, 15) . In contrast, Borna disease virusinduced meningoencephalomyelitis is caused by a virusspecific CD4+ T-cell-mediated immune reaction (33) . Experiments are in progress to fully define the roles of CD8+ and CD4+ lymphocytes and Mac-1+ cells, the possible interactions between these cells, and the role of cytokines present in the CNS in the onset of paralysis of rabies virus-infected mice.
